Underground storage in unlined caverns is of great significance for storing energy resources. Construction of underground storage caverns is an extremely complex process, involving extensive multi-bench excavation and strong unloading. Excavation-induced damage of surrounding rock masses may lead to instability of underground storage caverns. The aim of this paper is to put forward a method by integrating numerical simulation and microseismic monitoring for evaluation of cavern stability. A novel numerical method called Continuous-Discontinuous Element Method (CDEM) is applied to simulate micro-cracks under excavation-induced unloading conditions. Meanwhile, a microseismic (MS) monitoring system is employed to monitor real-time MS events during construction of storage caverns. Numerical results are validated using the monitoring data from the MS monitoring system. The integrated method is proved to be successful in capturing micro-cracks in underground storage caverns. Local instability, potential unstable zones and micro-crack evolution are analyzed, and cracking mechanisms are also discussed.
Introduction
Underground storage in unlined caverns has numerous advantages over aboveground storage (Morfeldt, 1974; Bergman, 1984; Broms and Zhao, 1993; Zhao et al., 1996 Zhao et al., , 1999 Zhao et al., , 2004 Sun and Zhao, 2010; Rutqvist et al., 2012) , for instance, larger storage capacity, longer service life, and less resource consumption. Meanwhile, the underground storage is safe from extreme conditions such as fire, earthquake and explosion. For oil storage caverns, the sealing effects of groundwater reduce the risk of oil leakage toward the surrounding rock mass (Kiyoyama, 1990) . Therefore, underground storage caverns have been popular in various countries for storing strategic energy resources (Morfeldt, 1983; Kiyoyama, 1990; Lee and Song, 2003; Benardos and Kaliampakos, 2005; Li et al., 2014) , including crude oil (Kiyoyama, 1990) , liquefied petroleum gas (LPG) (Yang and Guan, 2001) or liquefied natural gas (LNG) . Whichever kind of energy resources are stored in the underground storage caverns, two fundamental principles should be strictly followed. The first one is that the groundwater pressure around caverns should be higher than that of the stored energy resource so as to prevent its migration (Åberg, 1977; Thunvik and Braester, 1980; Goodall et al., 1988; Lindblom, 1997; Yang et al., 2004; Sun and Zhao, 2010; Sun et al., 2011; Li et al., 2014) . The other is the stability of rock masses around caverns (Lindblom, 1997; Lu, 1998; Ibrahim et al., 2015) .
However, high sidewalls and large spans of caverns, and uncertain discontinuities in the surrounding rock masses are often encountered, which seriously threaten the stability of underground caverns (e.g., Zhu and Zhao, 2004; Zhu et al., 2010) . Many studies have been conducted on the stability of underground storage caverns during the construction phase. Gnirk and Fossum (1979) established a numerical model for the assessment of cavern stability of compressed air energy storages using probabilistic design procedures. Lindblom (1997) addressed rock stability by developing criteria to ascertain the full operation integrity of underground caverns. Tezuka and Seoka (2003) analyzed the stability of the surrounding rock masses of large-cross-section underground oil storage caverns in earthquake-prone Japan. Park et al. (2005) carried out geophysical investigations and numerical analyses for the stability assessment of the first LPG storage terminal constructed underneath a lake in western Korea. Yang et al. (2014) 
Contents lists available at ScienceDirect
Tunnelling and Underground Space Technology j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t u s t understanding on the stability mechanism of underground storage caverns due to uncertainties on geological structures and rock properties. With gradual expansion of underground storage caverns, the stability of surrounding rock masses during excavation becomes the key to the success of an underground storage cavern project. The unloading effect during excavation has great impact on the stability of underground storage caverns. Thus, integrated methods are necessary to analyze the stability and damage mechanism of underground storage caverns during construction. Continuous numerical approaches, such as finite difference method (FDM) (Narasimhan and Witherspoon, 1976) , finite element method (FEM) (Koyama et al., 2009 ) and Boundary Element Method (BEM) (Mohanty and Vandergrift, 2012) have been extensively applied for stability analysis for underground storage caverns to deal with continuum-based problems (e.g. Preece and Foley, 1983; Lu, 1998; Heusermann et al., 2003; Mandal et al., 2013; Wang et al., 2015b) . Discontinuous methods, for instance, discrete element method (DEM) (Cundall, 1971; Cundall and Strack, 1979) , and discontinuous deformation analysis (DDA) (Shi, 1988) , are useful to analyze discontinuities of rock masses (e.g. Zhao et al., 1999; Nadimi et al., 2011; Chen et al., 2013; Li et al., 2014; He and Zhang, 2015) . However, studies involving the damage and failure evolution of the surrounding rock masses of the storage caverns have seldom reported. A motivation is to combine advantages of both continuous and discontinuous approaches proposed by Munjiza et al. (1995) , Li et al. (2004) , Wang et al. (2013) , etc. These combined methods include FDEM (FEMDEM) (Munjiza et al., 1995; Munjiza, 2004; Mahabadi et al., 2010 Mahabadi et al., , 2012 Lisjak et al., 2014 Lisjak et al., , 2015 and Continuous-Discontinuous Element Method (CDEM) (Li et al., 2004 (Li et al., , 2008 Ma et al., 2011; Wang et al., 2013; Li et al., 2015) . In the study of Cai et al. (2007) , the continuum-based software FLAC was coupled with the discontinuum-based software PFC to investigate acoustic emissions in large-scale underground excavations. Lisjak et al. (2015) used the FDEM method to model the crack evolution due to the excavation of a circular tunnel in a bedded argillaceous rock. The progressive failure of rock masses was simulated by a cohesivezone approach (Munjiza et al., 1995; Munjiza, 2004; Mahabadi et al., 2010 Mahabadi et al., , 2012 Lisjak et al., 2014 Lisjak et al., , 2015 . The method of CDEM not only can deal with both continuous and discontinuous problems, but also can reproduce the progressive damage and failure evolution of materials from a continuous state to a discontinuous state . In the present study, CDEM is employed to simulate the excavation process of underground storage caverns.
Microseismic (MS) monitoring techniques have been successfully used to accurately and effectively monitor the micro-cracks within surrounding rock masses in many engineering projects (e.g., Hong et al., 2006; Kaiser, 2009; Tang et al., 2011; Xu et al., 2011; Ma et al., 2013; Cai et al., 2015; Feng et al., 2015 Feng et al., , 2016 . In this study, an advanced Microseismic Monitoring System (Engineering Seismology Group, Canada) is applied, which consists of microseismic sensors installed in rock masses, a Paladin data acquisition system and a data analysis center. Meanwhile, MS monitoring are used to verify CDEM results.
In this paper, two adjacent oil storage caverns are investigated to understand damage mechanisms of surrounding rock masses during the construction phase. The main objectives include modeling the damage process of the surrounding rock masses, validating CDEM results by M monitoring data, and analyzing the stability of underground storage caverns.
Project overview

Project layout
An underground water-sealed storage cavern project is selected for stability analysis with an integrated numerical and MS monitoring method. This project located in Jinzhou, Liaoning Province, China, was designed to have a total capacity of 300 Â 10 4 m 3 for crude oil. It consists of eight storage caverns, namely 1N-4N and 1S-4S (see Fig. 1 ), which are located more than 100 m below the ground surface. The top of the caverns is located at À53 m ACD, and the bottom at À76 m ACD (where m stands for meter and ACD is the abbreviation of Admiralty Chart Datum). The cross section of each cavern has a dimension of 19 m in width and 24 m in height. The caverns are 946 m long along the East-West axis. The distance between two adjacent caverns is 48 m. In this paper, the construction process of 1N and 1S oil storage caverns is studied to analyze the damage mechanism of surrounding rock masses and thus to evaluate the stability of caverns.
Engineering geology
The ground surface is covered by residual soil while the bedrock consists of coarse and medium grained granite, according to site investigation and lab experiments. There are no large-scale fractures found within 10 km from the site. However, there are some diabase, aplite and diorite dikes (see Fig. 2 ), trending mainly in Fig. 1 . Layout of the Jinzhou water-sealed underground storage caverns project.
NNW and NNE, with dip angle mostly ranging from 70°to 80°or from 40°to 50°. Joints were formed near dikes due to hydrothermal alteration. The groundwater mainly exists in the fracture network and fissure veins.
Excavation process
Due to the large cross section of storage caverns, a three-stage controlled blasting method was selected for excavation. These storage caverns were sequentially excavated from the upper bench to the middle and then to the lower (see Fig. 3 ). Each bench was 8 m high and was excavated with specific method according to rock classification. The upper, middle and lower benches were excavated simultaneously with a certain staggered distance to ensure safety. Excavation blasting for the middle bench took place every three or four days with a depth of 10 m and a volume of 4000 m 3 . The excavation depth of the lower bench was around 5-10 m/d. The multi-bench excavation was featured by rapid and extensive excavation and strong unloading.
Fundamentals of Continuous-Discontinuous Element Method (CDEM)
The governing equations of CDEM are referred to Jing and Stephansson (2007) , which includes dynamic equilibrium equations, linear elastic constitutive equations and displacement-strain relations.
Computational model
The computational domain is discretized into finite elements, which can be continuous, discontinuous or partially continuous. These three states correspond to the FEM, DEM and CDEM domains, respectively, as shown in Fig. 4 , which are used to solve different types of problems. Conventionally, the FEM domain is used for fully continuous problems, while the DEM domain for fully discontinuous problems. The CDEM domain can be used to simulate the evolution of rock masses from a continuous state to a discontinuous state by breakage of contact interfaces, according to the maximum tensile strength criterion or Mohr-Coulomb law (Li et al., 2007) .
As shown in Fig. 5 , there are two kinds of elements in CDEM, i.e. blocks and contacts, and thus CDEM is basically a combination of FEM and DEM. FEM is used to compute stresses within the block, and DEM is used for the interface between adjacent blocks (Wang et al., 2013) . A block element can be a four-node tetrahedron, a sixnode wedge or an eight-node hexahedron. A three-dimensional contact, which connects two nodes of neighboring blocks, contains three joint springs : one normal spring (K n ) and two tangential springs (K t1 , K t2 ), as indicated in Fig. 6 . These springs are orthogonal to each other, and their characteristics are the same as DEM (Li et al., 2004 . With the breakable and sufficient springs in a contact, CDEM can accurately represent microcracking of rock masses.
Cracking criterion
The maximum tensile stress criterion and Mohr-Coulomb law are employed to describe the micro-cracks in brittle rock masses. Before strength criterion is applied to determine micro-cracking, spring forces in contact should be calculated :
where the superscript j means the jth spring; F n , F t stands for the normal and tangential spring force, respectively; K n , K t denote the normal and tangential stiffness, respectively; Du n , Du t represent the relative displacements in the normal and tangential directions, respectively.
The micro-cracks are initiated along the contact interface between two neighboring elements. For tensile or frictional cracks, the normal or frictional spring force should meet the following inequalities, respectively:
where A is the nodal area; T stands for the maximum tensile strength; c, u denote the cohesion and internal friction angle, respectively. With the initialization of micro-cracks, rock material is changed from continuum into discontinuum. Thus, the normal or tangential spring force should be revised into:
Explicit CDEM procedure
The equations of solid deformation are obtained from equilibrium equations of all forces acting on the nodal masses, resulting in a system of equations of the following matrix form:
where the superscript e means the element; ½M stands for the diagonal mass matrix; ½C is the damping matrix; ½K denotes the stiffness matrix; fug means the vector of displacement; and fFg ext stands for the vector of external force, including the body force fFg b , the spring force of contact fFg s (given by Eq. (3)) and the boundary traction fFg t :
CDEM utilizes a mixed explicit scheme for time integration. The acceleration is integrated by the central difference scheme while the velocity by the unilateral difference scheme. The schemes can be written as (Wang et al., 2013) :
where fag, fvg, fug stand for acceleration, velocity and displacement, respectively; n means the nth time step; Dt is the time step interval. The explicit iteration scheme can be formulated from Eqs. (7) and (8) to the following form:
The procedures of the explicit scheme for time stepping used in CDEM is illustrated in Fig. 7 , which can be precisely summarized as follows (Wang et al., 2013) :
Calculate the external nodal forces fFg e ext of the element e, which include the body forces, the possible spring forces from the neighboring elements and the tractions. Determine the micro-cracks based on the strength criterion. If micro-cracks occur, revise the spring forces based on Eq. (4 Eqs. (9) and (10), respectively. Calculate the total kinetic energy E k of the system:
Repeat the above procedures until the kinetic energy reaches a threshold.
Based on Courant-Friedrichs-Lewy (CFL) stability criterion, the critical time step is
where L min is the minimum mesh size; C q is the longitudinal wave speed; E is Young's modulus; q is density.
Verification of CDEM
CDEM was initially verified by modeling rock samples under uniaxial loading (Li et al., 2004) . In their study, the numerical results from CDEM agreed well with the theoretical and experimental data. Zhang et al. (2005) validated CDEM for jointed rock simulations with a slope sliding experiment. The slope failure mode predicted by CDEM was similar to that obtained by experiments. Li et al. (2015) used the CDEM to predict the toppling failure of an opencast mine, and numerical results in micro-crack development were consistent with the GB-InSAR monitoring data. There are more detailed CDEM applications in several aspects of engineering reviewed by Li et al. (2008) . Ma et al. (2011) and Wang et al. (2013) introduced the graphics processing unit-based parallelization of CDEM and extended its applications. In the present study, the validated CDEM was used to study the micro-crack development of surrounding masses near underground storage caverns.
4. An integrated platform of numerical simulation and microseismic monitoring
Numerical simulation with CDEM
According to site investigation, a model with different soil and rock layers is built, as shown in Fig. 7(a) , with three storage caverns, namely Cavern 1N, Cavern 1S and Cavern 2N. The studied profile has a dimension of about 338 m in length and of about 187 m in height. The rock masses are mainly granites, with some diabase and aplite dikes. The rock masses are composed of five layers, namely completely weathered layer, strongly weathered layer, moderately weathered layer, slightly weathered layer and unweathered layer. Despite the dikes, each layer consists of medium-grained or coarse-grained granite, with different weathering degrees. No large-scale fractures were found in this area. The physical and mechanical properties of the granites in different layers and dikes were obtained from site investigation and laboratory experiments (Lian, 2004) , as indicated in Table 1 . Some of the properties are rock mass properties while others are intact rock properties. They were provided by a survey and design institute in China. The gravity acceleration g is taken as 9.8 m/s 2 . Besides, the in-situ stress field should be considered. As shown in Table 2 , the horizontal in situ stress varies within a certain range. The average horizontal in-situ stress is adopted for numerical simulation.
The vertical in-situ stress r v ðhÞ is calculated as:
where h is the depth from the ground surface, and y is vertical. 1S, 2N, 2S, 3N, 3S, 4N, 4S) E N U Fig. 8 . The microseismic monitoring system installed in underground storage caverns in Jinzhou, Liaoning, China.
A pseudo 3D numerical model with wedge elements is used in this study, as shown in Fig. 7(b) . The numerical model precisely describes the details of the studied area, including five granite layers and the diabase and aplite dikes. As can be seen that the aplite dikes just pass through the three storage caverns and the diabase dikes pass through the water curtain cavern. The primary crack distribution was characterized by the dykes with locations, sizes and directions. It is worth noting that the stability problem in this project was mainly caused by dikes near the caverns. As similar cases can hardly be found in the literature, the stability problem is much more concerning. Therefore, such a precise model is necessary.
The construction process of the storage caverns is simulated by this model. The cavern excavation was started from Cavern 1N and ended with Cavern 2S. Each storage cavern was sequentially excavated from the upper bench to the lower bench. Thus, a total number of nine excavation stages are simulated. Such extensive excavation might cause strong unloading effect. The CDEM can efficiently and accurately simulate the complex excavation process in order to reveal the unloading mechanisms and evaluate the stability of the storage caverns. It is should be mentioned that in the simulation the intersection of the cavern with the water curtain tunnel was not considered, since it was after the excavation process that we simulated. Thus, the unloading effect in the third dimension was much smaller than that of the other two dimensions and the 2D model is based on the plain strain concept.
Microseismic monitoring system
A state-of-the-art MS monitoring system, produced by ESG Company, was installed near the caverns, as shown in Fig. 8 . It is mainly composed of several acceleration sensors, a Paladin signal acquisition system, and a Hyperion data processing system. The sensitivity of a single-component sensor is 30 v/g, with frequency ranging from 50 Hz to 5 kHz. The Paladin signal acquisition system, which uses analog-to-digital conversion and threshold triggering, has a sampling frequency of 20 kHz.
Considering the features of this project, a six-channel microseismic monitoring system was installed. Not only could the system perform real-time monitoring of micro-cracks, but also a stable and workable state can be ensured. The MS monitoring system covered the boxed area in Fig. 8 , with a dimension of 300 m Â 200 m Â 100 m. The six acceleration sensors were arranged in a spatial array to monitor the microseismic events continuously. They are single-component sensors with a direction, which depends on the dip angle they are put. With different dip angles, the sensors can receive microseismic signals from different directions, as shown in Fig. 8 . Several methods such as threshold
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Integrated platform for full analysis of stability of underground storage caverns during construction Fig. 9 . The integrated platform for stability analysis of underground storage caverns during construction. setting, filtering and bandwidth detection were applied to identify the waveform and store the spectral analysis chart .
The integrated platform
The site investigation, microseismic monitoring and numerical simulation systems are integrated into a uniform platform for comprehensive stability analysis of underground storage caverns during construction, as indicated in Fig. 9 . The site investigation system aims at the design of the underground storage caverns primarily, and it also provides information on the location for microseismic monitoring and the model for numerical simulation. The microseismic monitoring system provides real-time data of microseismic events and pre-warns the possible threats to the stability of the underground storage caverns. If any possibly-threatening events occur, numerical simulation will be performed for further analysis.
Results and discussions
Numerical simulation results
The crack distribution after excavation and unloading obtained by the CDEM simulation is presented in Fig. 10 . Generally, the cracks are distributed in mainly four areas, as shown in Fig. 10(a) , including the areas surrounding the two caverns and between them. As indicated by site investigation, some diabase and aplite dikes pass through these areas. The cracks were mainly caused by the dikes after unloading. Similar conclusions can be drawn from the microseismic monitoring results. A closer view on Cavern 1N is illustrated in Fig. 11 , which clearly shows two main belt areas of the cracks, as indicated by the red 1 and green boxes. The cracks in an approximately horizontal belt mainly appear above the cavern, while the cracks in an approximately vertical belt appear around the south face of Cavern 1N. The red box shows some micro-cracks while the green box shows some macro-cracks. Despite the rock collapse from the cavern roof, most rocks in the red box are damaged without significant cracking. However, the rocks in the green box are apparently cracked due to the unloading effect. The red color indicates the area with most cracks, similar with the green-boxed area in Fig. 11 . Numerical simulation also indicates that the rock collapses occur around the south face of Cavern 1N, as shown in Fig. 12(a) . The phenomenon was verified by field observation, as shown in Fig. 12(b) . It is caused by the unloading effect under excavation, which results in higher stresses in this area. When the stress is greater that the strength of the surrounding rock masses, cracking occurs and the elastic energy stored in the rock masses is released. The surface settlement can also be obtained from numerical simulation, as indicated in Fig. 13 . The monitored points for surface settlement are shown in Fig. 7(b) , with a range of X coordinates from 80 m to 260 m. Located above the three storage caverns, the monitored points record the deformation of the rock masses after excavation of the storage caverns. From the figure, we learn that the settlements range from about 6 mm to about 14 mm and the average settlement is about 10 mm. The largest settlements are from the area between Cavern 1N and Cavern 1S, which means this area takes the most risk of local instability of the surrounding rock masses. A similar conclusion can be drawn from the microseismic monitoring data. Thus, the surface settlements can also be used as an indicator to evaluate the cavern stability.
Microseismic monitoring results
Since July 28, 2014 when the MS monitoring system was set up, 492 valid microseismic events had been detected till August 26, 2014, including 361 micro-cracking events, 123 blasting events and 8 striking events. The micro-cracks caused by excavation and unloading were mainly distributed in Caverns 1N and 1S and regions nearby, in two belt areas as indicated in Fig. 14(a) . One is nearly horizontal and located at Chainage 2 + 63; the other is nearly vertical and located between Chainage 2 + 40 and 2 + 60. The microseismic events mainly concentrate in the two belt areas, with the largest density at Chainage 2 + 40 $ 2 + 60, as shown in Fig. 14(b) . The area with the largest density was the most dangerous area. The rocks are apparently cracked due to the unloading effect, as shown in Fig. 15 , which is similar with numerical results in Fig. 11 . Meanwhile, the unloading effect leads to redistribution of the stress field around the rock masses, and the stress is transferred into the diabase and aplite dikes (Fig. 16) . The stress transfer causes more micro-cracks, and the belt areas of cracking are formed (Figs. 10-12 ). Continuous excavation is the main cause for the damage of the dikes and local instability of the surrounding rock masses.
Discussions
Nevertheless, the progressive damage and failure evolution of underground water-sealed storage caverns has not been understood well, nor their damage and failure mechanisms. The method of CDEM provided a means to understand the progressive damage and failure evolution, and damage and failure mechanisms for large-scale underground excavations. In fact, the CDEM can also simulate purely continuous or purely discontinuous problems, such as elastoplastics and rock joints, like the FEM or the DEM does. What makes the CDEM more powerful is that the CDEM introduces cracking mechanism, which can reproduce the progressive failure process of a material from continuum to discontinuum. Thus, the CDEM is capable of simulating damage, crack growth and failure problems, which is of great significance in engineering applications. More generally, the CDEM can well simulate the failure state of materials regardless of joint distribution and size effect (Li et al., , 2007 . Besides, the graphics processing unit-based parallelization makes CDEM capable of undertaking large-scale computing tasks in engineering levels (Ma et al., 2011; Wang et al., 2013) . However, the CDEM has its limitations in the simulations for underground storage caverns as it cannot estimate the damage or cracking time well. Additionally, the fluid flow effects in rock masses and fractures are not considered in CDEM (Wang et al., 2015a) . The improvements for CDEM are being further performed.
Conclusions
In this study, the stability of an underground storage cavern project has been analyzed. Microseismic (MS) events and micro-crack evolution were investigated through an integrated platform, which included a novel numerical method named Continuous-Discontinu ous Element Method (CDEM) and a six-channel MS monitoring system. More specifically, CDEM was presented to model the microcracks due to excavation unloading, and the MS system was introduced to monitor real-time MS events of the storage caverns under construction. Meanwhile, numerical results were validated using MS monitoring data. The following conclusions can be drawn:
(1) The integration of CDEM and MS monitoring system was proved to be successful in capturing micro-cracks in underground storage caverns. The cracking areas obtained by CDEM agreed well with MS monitoring data. Micro-cracks were mainly located in two belt areas, i.e., one was approximately horizontal and the other was approximately vertical. The MS events were mainly distributed in the two belt areas, and the similar phenomenon was reproduced by CDEM simulation. (2) Numerical simulation indicated that rock collapses around the south face of Cavern 1N were in good agreement with field observation, which were caused by excavation unloading and stress redistribution. High stresses led to cracking of rock masses and release of elastic energy, and continuous excavation led to the damage of the dikes and local instability of surrounding rock masses. Moreover, the stress field around the cavern was redistributed and transferred into the diabase and aplite dikes, and therefore more microcracks in the belt areas were formed.
(3) Numerical results provided the settlement of underground cavern after excavation for stability assessment. The settlement indicated that the area between Cavern 1N and Cavern 1S undergone the most risk of local instability of surrounding rock masses, which could be used as an indicator for stability assessment and risk prediction.
